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Degenerate electron gas effects in the modulation spectroscopy of 
pseudomorphic Al o.32Gao.68As/lno.,5Ga0.85AS/GaAs high electron mobility 
transistor structtires 
A. Dimoulas,*) K. Zekentes, M. Androulidaki, N. Kornelios, C. Michelakis, 
and Z. Hatzopoulos 
Foundation for Research and Technology-Hellas (FORTH), Heraklion 711 IO! Crete, Greece 
(Received 1 April 1993; accepted for publication 25 June 1993) 
The effects of a degenerate two-dimensional electron gas on the interband optical excitations, 
occurring in the active channel of Ab.32Ga0.68As/In0.1sGao,esAs/GaAs high electron mobility 
transistor structures, were investigated by using phototransmittance spectroscopy. The ground 
state transition at room temperature exhibited a characteristic steplike line shape, which was 
considered to be an effect of the screening of excitons by the degenerate electron gas. A line 
shape fitting by using a fn-st derivative of the absorption coefficient with respect to the electron 
sheet concentration ns, allowed an estimation of the latter quantity by phototransmittance. An 
observed temperature-sensitive excitonlike signal, associated with the second electron subband 
was attributed to the modulation of the many-body correlation-enhanced excitonic absorption, 
known as the Fermi-edge singularity. 
High electron mobility transistors (HEMTs), based on 
the AlGaAs/InGaAs/GaAs pseudomorphic (PM) hetero- 
structure, have attracted considerable interest due to their 
performance in low-noise, high-power microwave applica- 
tions, up to 94 GHz.’ The high n-type doping of the 
AlGaAs layer and the large conduction band discontinuity 
between AlGaAs and InGaAs, produce a deep and narrow 
( - 100 A) nearly triangular potential well at the hetero- 
interface. This results in a subband splitting2,3 and a strong 
confinement of electrons so as to form a degenerate two- 
dimensional electron gas (2DEG) in the InGaAs chan- 
ne1.‘p3 Development of nondestructive methods (e.g., opti- 
cal) is important to measure the sheet electron 
concentration n, of the 2DEG in PM-HEMTs. Photolumi- 
nescence (PL) measurements at low temperatures have 
been used to estimate n,. 54 Phototransmittance (photore- 
flectance), a contactless version of electromodulation spec- 
troscopy,5 also effective at room temperature, is an all- 
optical technique in which the transmittivity (reflectivity) 
is modulated by a Iaser light. Photoreflectance (PR) ap- 
plied to HEMT structures has led to controversial results 
regarding the observation of a signal from degenerate 
2DEG.“9 Conclusive evidence on the existence of a 2DEG 
signature has been given recently by Yin 
et aLlo in PR and electroreflectance studies of 
Gao.78A10.22As/Ino.2lG~.79As/G~s modulation-doped 
quantum well (QW) structures. In that work,” only tran- 
sitions to the higher (n>2) electron subband states were 
reported. 
In this letter, the ground state transition 11 h was 
observed at room temperature by phototransmittance 
(PT) . The values of n, deduced from the fitting of the PT 
spectra, were in good agreement with data obtained by 
Hall measurements for two of the samples investigated. 
Finally, a signature from the Fermi edge singularity 
(FES)“s’2 at the 21 h transition energy was observed for 
“Present address: Department of Applied Physics and Materials Science 
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the first time in modulation spectroscopy experiments. 
Five samples were fabricated by molecular beam epi- 
taxy on 2 in. semi-insulating GaAs (001) substrates. The 
general structure from the top free surface to the substrate 
was: (500 A) n+ 2.5 x lOI crnM3 GaAs cap/( 100 A) un- 
doped GaAs/( 500 A> undoped Ale32Gao.6sAs/S-doped 
layer/(thickness L,,) undoped A10.32Gac68A~ spacer/( 130 
A) undoped In,.,, Gao.s5As channel/(0.8 pm) undoped 
buffer/semi-insulating (001) GaAs substrate. Structural 
parameters and Hall data obtained at 300 K are listed in 
Table I. PT measurements were performed by using a con- 
ventional experimental setup13 in which the transmittivity 
T of the sample was modulated by a 0.95 mW He-Ne laser. 
Room temperature PT spectra of four of the PM- 
HEMT structures with different n, values are shown in Fig. 
1. The spectrum of an undoped Alo.32Gaek8As/ 
Ino,,,Gao,s,As heterostructure QW, used as a reference, 
with the same thickness (130 A) of the InGaAs layer is 
also shown in Fig. 1. In all spectra, the signal at the lowest 
energy is assigned to the ground state transition 1 lh. Fea- 
tures at higher energies, denoted by A in Fig. 1, are asso- 
ciated with transitions to the second electron level n=2. 
Peak B at 1.39 eV, common to all spectra of the PM- 
HEMT structures, is considered to be a contribution from 
the GaAs layers and the GaAs substrate. Above this en- 
ergy, the thick GaAs substrate is opaque, so that no PT 
signal can be obtained. 
The 1 lh transition in the reference sample of Fig. 1 has 
an excitonic character with sharp positive and negative 
lobes in respect to the baseline. The same transition in the 
doped structures, exhibits distinctly different line shapes 
whose main characteristic is a unique steplike signal, more 
pronounced in S3. Also, it is worth noticing the lacking of 
negative lobes in samples S2 and S3. These unusual mod- 
ulation spectroscopy line shapes can be understood in 
terms of the screening of excitons by the dense 2DEG, 
combined with conduction-band phase-space filling ef- 
fects.” For interpretation of the data, a model is developed 
which assumes that the dominant contribution to the 
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TABLE I. Experimental results for the sheet electron concentration n,, electron chemical potential pL, and transition energy and broadening parameter 
E and F, respectively, of the ground state optical transition llh. pCle is measured from the first n= 1 electron level. & and S-d are the spacer layer 
thickness and the planar doping, respectively. The experimental error in the PT measurements was determined by the resolution of the monochromator 
















n,( X 10” cm-*) 
Hall PT 
0.65(*0.04) 0.003 
5.4( kO.3) 5.2( kO.4) 
8.4( +OS) 9.0( +0.6) 
14.0( +0.8) 19.4 
16.0( f 1) . . . 
pJmeV) 
Hall PT 
-58( *2) -205 
+5(*2) $4( *3) 
+23(*3) +26( *3) 




1.282( +0.003) 5(&3) 
1.274( *0.003) 5(*3) 
1.274( +0.003) 6(*3) 
1.275( *0.003) 9(%3) 
. . . . . . 
changes ha of the absorption coefficient a, comes from the 
modulation An, of the sheet carrier concentration 
AT/T- - LAa- - L(&ddn,)An,, (1) 
where L is of the order of the InGaAs layer thickness 
( - 100 A). The dependence of a on n,, is described by the 
widely used expression’oT14 arao( 1 -f ,). By considering 
only band-to-band transitions with a broadened 2D joint 
density of states, the density independent absorption coef- 





Gaussian broadening. (3) 
Here, E and I? are the transition energy and broadening 
parameter, respectively, and I is the intensity (oscillator 
strength) of the 1 lh optical excitation. The electron Fermi 
factor” f,(+iw,) = (exp@[&(fiw--3 -p,(n,>l)+ 1 I-’ 
describes the dependence of a on n,, through the electron 
chemical potential p,( n,) ***12 
p,(n,) = l/p ln[exp(8 di2/mtn,) - 11, (4) 
where fl= l/kBT, &=mff/(mt+m~) and pF1, is measured 
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FIG. 1. Room temperature PT spectra of four HEMT structures with 
different values of the electron sheet concentration n,. The spectrum of an 
undoped structure (REF) is also shown for comparison. 
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F(+io,n,) = Lb’ d2/m~C1 +exp [ -P,dn,) 11 
--p&d IV(exp@[&(~- 0 
--p,(n,)lI+1)2. (61 
The derivation of all of the above formulas will be given, in 
detail, elsewhere.i5 Equations (l)-(6) were used to fit the 
1 lh experimental line shapes of the four PM-HEMT struc- 
tures of Fig. 1, considering E, I, I, and pe as adjustable 
parameters. Electron and in-plane hole effective masses 
were taken16 mr=O.O64m, and’ rnf =O. 16m,, respectively. 
The fitting parameters listed in Table I, correspond to the 
Gaussian protile of Eq. (3), which gave better fitting re- 
sults in comparison with the Lorentzian. Note that conver- 
sion from pe to ns, and vice versa, is done by using Eq. (4). 
Regarding the samples S2 (n,=5.4X 10” cmw2> and S3 
(n,=8.4X 10” cmd2), values of pu, and n, obtained from 
PT line shape fitting and Hall measurements agree within 
the experimental error. Values of rzy obtained from PT, are 
within 10% of those measured by Hall. In contrast, there is 
a large disagreement between PT and Hall data for struc- 
tures Sl and S4 having the lowest and the highest n, values, 
respectively. The disagreement in S 1 may be explained con- 
sidering that the 2DEG is not sufficiently dense to com- 
pletely screen the exciton so that the model function of Eq. 
(5)) in which only band-to-band transitions are included, 
is inadequate to describe the PT line shape. In S4, the 
anomalously large and broad negative lobe, is considered 
to be responsible for the limited success in fitting the llh 
transition. It is emphasized here that contributions from 
other derivative terms in Eq. ( 1) are negligibly small,” 
making no improvement to the fitting results. In contrast 
to previous reports in undoped13’17 and modulation-doped 
QW heterostructures, lo where only terms (da/X’) AI, 
(aa/dE) AE, and (da/al) AI were considered, in this work 
modulation with respect to rzT gave the dominant effect. 
The temperature dependence of the PT spectra of sam- 
ple S4 (ns= 1.4X 1012 cm-‘, at 4.2 K) is shown in Fig. 
2 (a). The 11 K PL spectrum of the same sample is shown 
in Fig. 2(b) for comparison. The assignment of the 1.348 
and 1.404 eV PL peaks to the 1 lh and 21h recombinations, 
respectively, is well established in the literature.2-4 Accord- 
ing to a simple estimation ErEI- (&/m~)n,=53.0 
meV, while from an inspection of the PL data of Fig. 2(b), 
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(a) Phototransmittance s4: n#=1.4x10’fcm-’ 
T=225K w 
x 
- T=185K ’ 
1.15 1.25 1.35 1.45 1.55 
PHOTON ENERGY (et') 
FIG. 2. (a) PT of sample S4 (n,=1.4X10’2 cm-‘) obtained at five 
different temperatures. (b) PL spectrum of S4 obtained at 11 K, corre- 
sponding to the scale on the right y  axis. 
&--El N 56 meV, implying that Ef is only 3 meV below 
the E2( n=2) level. In this case the n=2 subband is pop- 
ulated at 11 K. In contrast to PL observations, the 1 lh 
transition could not be resolved in the low temperature PT 
spectra of Fig. 2(a) due to phase space filling which 
quenched absorption. In the high energy part of the spec- 
tra, peak C is associated with the 12 = 3 electron level while 
a weak and broad feature, with a high energy tail denoted 
by B, is attributed to the 21h band-to-band transition.” 
Superimposed on B, a sharp and intense excitonlike feature 
A, consisting of a positive and a weaker negative lobe, 
dominates the 11 K PT spectrum at the 21h transition 
energy. 
In our work it is known5”3 that excitons dominate the 
electromodulation spectra of undoped QWs at all temper- 
atures. However, in PM-HEMTs with a high value of n, as 
in the case of S4, the appearance of an excitonlike PT 
signature at the 21h transition is not expected, since the 
single-electron-hole exciton is considered to be screened by 
the dense 2DEG. The temperature sensitivity is unexpect- 
edly large, as seen from Fig. 2(a), where the intensity of 
feature A decreases rapidly with increasing temperature. 
This is in contrast with the behavior of peak B, the inten- 
sity of which remains constant as the temperature of the 
measurement changes. This behavior, is distinctly different 
from the one characterizing the excitonic PT and PR spec- 
tra of undoped QWs. In the latter case,13*17*18 the intensity 
decreases in a much slower rate, and the exciton remains 
strong and well resolved up to room temperature, also con- 
firmed by the 295 K spectrum of the reference (undoped) 
sample shown in Fig. 1. 
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of the single-electron-hole exciton, it is proposed here that 
feature A in Fig. 2(a) originates from the modulation of a 
correlation-enhanced 2 1 h excitonic absorption. The en- 
hancement is due to the energy proximity of the n =2 state 
and the Fermi energy level,3 which leads to a many- 
electron-hole Coulomb interaction, known as Mahan exci- 
ton. l9 The latter manifests itself as an enhanced absorption 
peak near the Fermi energy11.‘2 (the FES) exhibiting an 
increased temperature sensitivity. This explains, at least 
qualitatively, the temperature dependence of the modula- 
tion absorption signal A in Fig. 2 (a). Similar behavior of 
the 21h excitonic enhancement has been observed by Scol- 
nick et al. 3  in PL-excitation experiments. In that work, for 
a sample where Ef was - 1 meV below the n = 2 level (a 
situation resembling that in the present work) a decrease in 
the enhancement by a factor of 0.7 has been observed3 
from 2 to 40 K. This is to be compared with an estimated 
decrease of the PT signal intensity, by a factor of 0.3, from 
11 to 78 K as seen from Fig. 2(a). 
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